Miscanthus sp. is regarded as suitable biomass for different biorefinery value chains. However, due 27 to high recalcitrance, its wide use is yet untapped. Termite is the most efficient lignocellulose 28 degrading insect, and its success results from synergistic cooperation with its gut microbiome. 29
Introduction 47
In a world of finite biological resources, the agenda of the UN's Sustainable Development Goals 48 challenges scientific community to develop transformative technologies that would enable the 49 replacement of petroleum-based raw materials and energy with renewable bio-based feedstock. 50 4 conditions through differential genes expression), and highlighted the abundance of gene transcripts 78 involved in carbohydrate metabolism and transport. Analysis of the reconstructed community 79 metagenome evidenced CAZyme clusters targeting two main components of Miscanthus biomass, 80 namely cellulose and (arabino)xylan. Most of these clusters were allocated to the reconstructed 81 metagenome assembled genomes (MAGs) of Fibrobacteres and Spirochaetae origin. The de novo 82 reconstruction of the host epithelial gut transcriptome confirmed its contribution to lignocellulose 83 degradation, and its adaptation to Miscanthus diet. Based on the characterisation of purified 84 bacterial CAZymes, we verified the in silico predicted activities for many backbone-targeting (e.g. 85 endocellulases and xylanases) and debranching enzymes (e.g. arabinofuranosidases). To finish, we 86 discussed our findings in the context of enzymes application in the developing biorefinery sector. 87
88
Results 89
Structural adaptation of termite gut microbiome to Miscanthus diet. To examine enzymatic 90 degradation of Miscanthus by the higher termite gut system, two laboratory-maintained colonies 91 (LM1 and LM3) of Cortaritermes intermedius were fed exclusively with dried Miscanthus straw 92 ( Supplementary Fig. 1 and 2 ). This Nasutitermitinae genus is known to feed on grass tussocks in its 93 natural habitat 10 . Adaptation of the termite gut microbiome (here relative to bacterial communities 94 in termite midgut and hindgut) were monitored during nine months, by high-throughput sequencing 95 the V6-V8 regions of 16 S rRNA gene ( Fig. 1a ). Quality trimmed reads were assembled into 678 96 operational taxonomic units (OTUs) assigned to 18 bacterial phyla. Spirochaetae and Fibrobacteres 97
were the most dominant, as previously shown for plant fibre-feeding higher termites (e.g. ref. 11 ; 98 Supplementary Table 1 ). By assessing bacterial community structures, we could find clear 99 differences between wild-and Miscanthus-adapted microbiomes. Species richness and diversity 100 were also significantly higher (HOMOVA p<0.001) before Miscanthus diet was initiated ( Fig. 1b) . 101
Further application of linear discriminant analysis (LDA) effect size (LEfSe; ref. 12 ) demonstrated 102 adaptive selection for specific bacteria ( Supplementary Table 2 ). By analysing food-associated 103 5 microbes, we estimated the effect of immigration on the termite gut community as negligible 104 ( Supplementary Figure 3) . All together, these results demonstrated that diet change drives the 105 development of microbial consortium in a unique manner, yet food-associated microbes cannot 106 compete with highly specialised termite gut microbiota for a niche. 107 108 Comparison of de novo metatranscriptomic and metagenomic reconstructions. The de novo MT 109 was applied to nest LM1 and co-assembling reads from three samples (LM1_1, LM1_2 and LM1_8) 110 yielded 603,579 open reading frames (ORFs), mainly representing partially reconstructed gene 111 transcripts. The de novo MG reconstruction was also applied to colony LM1 at sampling point LM1_8 112 and it yielded 211,724 ORFs annotated on 64,347 contigs for the total assembly size of 177,5 million 113 base pairs (Mbp). For both datasets, initial public database-dependent taxonomic classification of 114 genes and gene transcripts pointed to the abundance of Firmicutes ( Supplementary Fig. 4) , what 115 contrasted the results of community structure analysis. Subsequent binning of MG contigs and 116 phylum-level annotation of the resulting bacterial bins allowed assigning correct taxonomic origin, 117 confirming the metagenomic abundance of Spirochaetae and Fibrobacteres ( Fig. 1c; Supplementary  118 Fig. 5). Following mapping of RNA reads to the MG assembly (referred to as "RNA-seq" analysis), we 119 could confirm transcriptional dominance of these two bacterial phyla as well. Incomplete public 120 databases and extensive horizontal gene transfer were previously proposed as the origin of this 121 misclassification 9 . 122 Based on the classification of genes and transcripts to broad functional categories such as KEGG 123 ontology profiles (KOs), congruency between the de novo MG and MT reconstructions was high 124 ( Supplementary Fig. 6 ). However, out of the de novo MT reconstructed gene transcripts of 125 prokaryotic origin only 37.8 % showed significant similarity to the de novo MG genes (blast e-126 value≤10 -5 ), sharing on average 76.04 % of amino acid identity ( Supplementary Fig. 4 ). Coherent to 127 our study, differences in functional gene profiles between MG and MT reconstructions have been 128 populations. Both bacterial populations were capable of nitrogen fixation and glycogen synthesis, 141 but the two pathways were enriched in Fibrobacteres. Expression of Amt ammonium transporters 142 was highly up-regulated, and together with increased abundance of gene transcripts involved in urea 143 transport and metabolism (restricted to Spirochaetae), it indicated nitrogen deficiency of a 144
Miscanthus fed termite colony. Both Spirochaetae and Fibrobacteres could also synthetize ten 145 essential amino acids that animals cannot synthetize de novo. Even though, nitrogen provisioning by 146 bacterial symbionts is not employed by all herbivorous insects, this strategy was proposed as a 147 mechanism contributing to the success of termites 14 and herbivorous ants 16 in their marginal dietary 148 niches. Importance of lignocellulose degradation under Miscanthus diet was evidenced by increased 149 abundance of transcripts broadly assigned to cellulose and xylan processing KOs Fig. 6 and 158 7). Although there was a good correlation between the distributions of identified glycoside 159 hydrolases to different GH families (Pearson R 2 0.83), roughly 150 cazymes identified in the de novo 160 MT were also reconstructed from the assembled metagenome. Novelty of reconstructed cazymes 161 was evidenced through sequence comparison to NCBI refseq database, and a metagenomic dataset 162 previously generated for Nasutitermes sp. 15 ( Supplementary Fig. 4 ). In the latter case, average amino 163 acids identity for the 943 query hits equalled 65.4 ± 19.9 %, pointing to the diversity of microbial 164 cazymes in guts of different termite species, even those phylogenetically closely related. 165
Differential expression of specific cazymes at different stages of the feeding experiment evidenced 166 quick and specific adaptation of gut microbes to digest Miscanthus (Fig. 3 ). There were roughly 29.7 167 % of common cazymes transcripts between LM1_8 and control LM1_1 sample, while over 55 % were 168 shared between LM1_8 and LM1_2 (both adapted to Miscanthus). Along the experiment, GH5 169 (mainly subfamilies GH5_4 and GH5_2) was the most highly expressed family. Still, its cumulative 170 expression nearly doubled under Miscanthus diet ( Fig. 3b ). Other abundant families included GH43, 171 GH10 and GH11, all potentially involved in (hetero)xylan degradation. The latter was previously 172 shown as largely expressed by the termite gut fibre-associated Spirochaetae 9 . Following manual 173 curation, we removed three highly abundant but only partially reconstructed GH11 gene transcripts, 174 what reduced initial over-dominance of this CAZy family by 3.3 ±0.9 fold ( Supplementary Fig. 8 ). 175 Similarly, only fragmented GH11 genes were recovered from the reconstructed metagenome. We 176 hypothesise that closely related Spirochaetae strains contain highly similar GH11 genes, possibly 177 shared by horizontal gene transfer, likewise it was shown for e.g. human gut Bacteroidetes 17 . Their 178 conserved nature may impede proper gene reconstruction from sequencing reads, similarly to other 179 structurally conserved genes such as 16S rRNA or transposase, that typically do not reconstruct into 180 8 larger genomic fragments 18 . GH45 was only present in Fibrobacteres and it was the second most 181 expressed GH family under Miscanthus diet. According to the CAZY database, nearly 95 % of proteins 182 assigned to this family are of eukaryotic origin ( Supplementary Fig. 10 Spirochaetae cazymes was 2.3 ±0.5 fold higher than for Fibrobacteres ( Fig. 3d -g). Their cumulative 192 transcriptional abundance was also higher for Spirochaetae, however calculated average gene 193 expression was slightly higher for Fibrobacteres. This observation was consistent across different GH 194 families ( Supplementary Fig. 11 ). As various GH families are characterised with broad functionalities, 195 using peptide-based functional annotation 21 we further assigned in silico specific functions (EC 196 numbers) to 60.3 ±2.2 % of gene transcripts classified as GHs. In many cases, these predictions were 197 experimentally validated ( Supplementary Table 6 ). We confirmed β-glucosidase, endocellulase, 198 endoxylanase and arabinofuranosidase activities of several Spirochaetae CAZymes. We also 199 characterised active endoxylanases and endomannanases from Fibrobacteres. Supplementary Fig. 12 ). Endocellulase-203 assigned transcripts were nearly equally abundant between Fibrobacteres and Spirochaetae, while 204 abundance and diversity of endoxylanases of Spirochaetae origin was much higher. Most of the 205 assigned endocellulases were classified as GH5_4 enzymes ( Supplementary Fig. 8 .). Phylogenetic 206 9 reconstruction comprising the previously characterised CAZymes from this family revealed the 207 presence of multiple protein clusters separately grouping Spirochaetae and Fibrobacteres GHs ( Fig.  208 5a). Concurrent inspection of reconstructed genomic fragments suggested the existence of different 209 cazymes loci containing GH5_4 genes ( Supplementary Fig. 13 ). Interestingly, CAZymes previously 210 characterised to possess single enzymatic activity (mostly endocellulase and to a lower extent 211 endoxylanase) grouped in upper part of the tree. Lower part of the tree mainly contained multi-212 functional enzymes (single enzyme simultaneously acting on cellulose and xylan). Suggested 213 enzymatic multi-functionality was further confirmed for a selected GH5_4 CAZyme representing 214 Spirochaetae cluster IX. Purified protein was shown to be an endocellulase acting on 215 carboxymethylcellulose (CMC) and glucomannan ( Fig. 5b ). In addition, activity on xylan and 216 arabinoxylan was confirmed. This gene was also one of the most highly expressed cazymes under 217
Miscanthus diet, hypothesising the importance and interest for bacteria to express multi-functional 218 enzymes. To our best knowledge, it represents first GH5_4 CAZyme of Spirochaetae origin ever 219 characterised, and first multi-functional enzyme of higher termite gut prokaryotic origin. Table 7 and Supplementary Fig. 14) . Average nucleotide 226 identity (ANI) to MAGs from gut microbiomes of several higher termite species 22 equalled roughly 227 77.1 ±1.8 %, confirming the novelty of our MAGs. Frequency of cazymes was higher in the 228 Treponema genomes and they were also enriched in GHs. Over 36 % of annotated cazymes were 229 arranged into 1096 gene clusters containing more than one CAZy encoding gene. Similar gene 230 clusters were recently discovered in gut microbiota of a wood-feeding termite Globitermes 231 brachycerastes 23 . Putative cellulose-utilisation gene clusters were the most highly expressed in 10 Fibrobacteres MAGs, suggesting its major contribution to cellulose degradation ( Fig. 3 and 4 ). Endo-233 xylanase-encoding genes were often co-localised with endocellulases, however xylosidases were 234 scarce, questioning the ability of Fibrobacteres to utilise complex xylans. Reconstructed 235 Spirochaetae genomes were enriched in cazymes clusters targeting among others alpha glucans, 236 Zootermopsis nevadensis (15,459 protein coding-genes; ref. 28 ; Supplementary Table 9 and 256 Supplementary Fig. 16 ). Similarly to gut microbiome, gene transcripts related to carbohydrate 257 transport and metabolism were abundant in the host transcriptome, showing importance of 258 carbohydrates metabolism to the termite lifestyle ( Supplementary Table 3 ). Over 9,000 transcripts 259 were assigned a KO number and a summary of complete and partially reconstructed metabolic 260 pathways is provided in Supplementary Table 4 . To our knowledge, this reconstruction represents 261 first transcriptome of a higher termite form Nasutitermitinae family. 262
We further identified 270 transcripts containing CAZY modules assigned to four main classes (GH, CE, 263 AA and GT) and associated CBMs. Glycoside hydrolases were encoded by 97 genes, and their 264 diversity patterns were similar to those identified in M. natalensis and Z. nevadensis (Supplementary 265 Table 9 ). They were assigned to 24 different GH families, out of which eight were not represented in 266 the gut microbiome ( Fig. 3a, c) . The highest transcriptional abundance was attributed to GH13 267 (typically assigned as alpha glucanases; Supplementary Fig. 17 ), and it slightly decreased only 268 towards the end of Miscanthus campaign. Based on rather constant expression profiles of 269 chitodextrinase, chitin utilization by the host did not change significantly upon Miscanthus feeding 270 ( Supplementary Fig. 9 ). This indicates constant complementation of diet with nitrogen rich chitin, 271 originating from either necrophagy and/or cannibalism, or fungi-colonised food stored in the nest, as 272 previously proposed for other higher termite species 29 . 273 Transcriptional abundance of endocellulases increased at later stages of Miscanthus feeding, 274 suggesting a shift towards increased cellulose utilization by host. Interestingly, one gene assigned to 275 AA3 family was classified as putative cellobiose oxidoreductase (EC 1.1.99.18; Fig. 4a, b ). This type of 276 oxidase is involved in oxidative cellulose and lignin degradation in wood-decaying fungi 30 . Moreover, 277 two other transcripts assigned to GH45 family (putative endoglucanases) were present in the 278 reconstructed transcriptome, and their expression slightly increased under Miscanthus diet. More 279 stringent homology search revealed their closest similarity to Anaeromyces contortus, sp. nov. 280 (Neocallimastigomycota), an anaerobic gut fungal species recently isolated from cow and goat 281 faeces 31 . In insects, GH45 cazymes were previously detected in the genomes of Phytophaga beetles 32 282
and until now they were not reported from sequenced termite genomes. In addition, one gene 283 transcript sharing 54 % of identity (at protein level) with a newly characterised AA15 LPMOs from 284
Thermobia domestica 33 was also identified. This insect has a remarkable ability to digest crystalline 285 cellulose without microbial assistance. Further blast analysis revealed a homologous gene in the 286 genome of Z. nevadensis, suggesting that next to certain eukaryotes (e.g. crustaceans, molluscs, 287 chelicerates, algae, and oomycetes) termites might be able to oxidatively cleave glycosidic bonds. MAGs, and were all up-regulated under Miscanthus diet ( Supplementary Fig. 15 ). 304
Based on the diversity and expression patterns of GHs, different sugar transporters (mainly ABC and 305 to a lesser extent PTS; Supplementary Table 8 ) and specific sugar isomerases, Spirochaetae 306 population is able to utilise a wider range of sugars (including glucose, glucoronate, rhamnose, 307 arabinose, mannose, xylose, ribose and fucose) than Fibrobacteres (mainly glucose, mannose and 308 possibly ribose). Both bacterial populations can target the backbone of cellulose, xylans and 309 mannans (the latter is not abundant in Miscanthus biomass). Enrichment of Fibrobacteres 310 13 metatranscriptome in endoglucanases (both targeting 1-3 β and 1-4 β glycosidic bonds as present in 311 β-glucans and cellulose, respectively) shows its preference for carbohydrates with a glucose-unit 312 backbone. Fibrobacteres also express endoxylanases, and we could confirm experimentally xylanase 313 activity for one GH11 enzyme ( Supplementary Table 6 ). However, hardly represented xylosidase-314 assigned gene transcripts and the absence of any xylose transporters and other known genes 315 involved in xylose utilisation, would question the ability of Fibrobacteres to utilise xylans. Co-316 localisation of many endoxylanases together with potential endocellulases in the reconstructed 317
Fibrobacteres MAGs further suggest that termite gut Fibrobacteres mainly remove xylan polymers 318 from Miscanthus fibres to better expose cellulose to the action of own endocellulases 319 ( Supplementary Fig. 13 ). By contrast, xylose isomerases and xylulose kinases were enriched in 320 Spirochaetae metatranscriptome and both were highly expressed under Miscanthus diet. All 321 reconstructed gene transcripts were assigned to Spirochaetae, and together with enrichment of 322 endoxylanase transcripts, it confirms the ability of these bacteria to degrade xylans. 323
Based on the in silico prediction of enzyme sub-cellular localizations, most of the endoxylanases 324 from Fibrobacteres and Spirochaetae are exported outside the cell ( Supplementary Table 10 Samples were stored at -80 °C until further processing. Termite species were identified by 390 morphology and by sequencing of the partial COII marker gene, as described before 44 . The 391 nucleotide sequences are available in GenBank under accession numbers MN803317-19. 392
Extraction of nucleic acids 393
Total DNA and RNA were co-extracted from all samples using the AllPrep PowerViral DNA/RNA Kit 394 (Qiagen) following the manufacturer's protocol. To assure the proper disruption of bacterial cell wall 395 and termite gut epithelium cells, mechanical bead-beating step with 0.1 mm glass beads at 20 Hz for 396 2 min was introduced to complement the chemical lysis. The eluents were divided in two parts. First 397 part was treated with one µL of 10 µg/mL RNase A (Sigma) for 30 min at room temperature. The 398 second part was treated with TURBO DNA-free kit (Invitrogen) according to manufacturer's protocol. 399
The resulting pure DNA and RNA fractions were quality assessed using agarose gel electrophoresis 400 and Bioanalyser RNA 6000 Pico Kit (Agilent). Nucleic acid concentration was quantified using Qubit 401 dsDNA HS Assay and Qubit RNA HS Assay Kit (Invitrogen). DNA and RNA were stored at -20 °C and -402 80 °C, respectively. 403
Bacterial 16S rRNA gene amplicon high-throughput sequencing and data analysis 404
The bacterial 16S rRNA gene amplicon libraries were prepared using Illumina compatible approach 405 as previously described 45 rRNA reads were used to perform de novo (meta)transcriptome co-assembly using the CLC assembly 466 algorithm in mapping mode with default parameters, except for minimum contig length of 200, 467 length fraction of 0.90 and similarity fraction 0.95. As a result, nearly 2 M contigs were assembled. 468
Obtained contigs were further submitted to IMG/MER for taxonomic and functional annotation 51 . 469
Following the taxonomic assignment, 759,451 transcripts of putative prokaryotic origin were 470 selected for further analysis. Initial IMG/MER taxonomic annotation resulted in over-representation 471 of transcripts of putative Firmicutes origin ( Supplementary Fig. 4 ). As nearly no Firmicutes OTUs 472 were detected using the 16S rRNA gene amplicon sequencing, transcripts were re-annotated based 473 on the de-novo assembled metagenome and contig binnig, resulting in re-classification of virtually all 474
Firmicutes-assigned contigs to Fibrobacteres and Spirochaetae. To complement the study and to 475 characterise potential contribution of the termite host to Miscanthus digestion, transcripts of 476 eukaryotic origin and taxonomically assigned to Insecta (based on the IMG/MER annotation) were 477 further evaluated for the completeness of the de novo reconstructed transcriptome with the BUSCO 478 pipeline 26 and using the Eukaryota database (odb9). 479
For both the de novo assembled metatranscriptome and termite transcriptome, in order to 480 determine the relative abundances of transcripts across studied samples, sequencing reads were 481 mapped back to the annotated transcript sets, using the CLC "RNA-seq analysis" mode, with default 482 parameters except for minimum similarity of 0.95 over 0.9 of the read length, both strands 483 specificity and 1 maximum number of hits per read. The mapping results were represented as TPMs 484 To link the degradation of the different lignocellulose fractions and subsequent sugar utilisation, we 498 looked for the presence of suitable sugar transporters and also specific sugar isomerases and 499 kinases. 500
Genes encoding for CAZymes of interest, selected based on their predicted activities and their 501 expression profiles, were further PCR amplified (Veriti™ 96 wells Thermal cycler, Applied Biosystems, 502
Foster City, USA) and the resulting PCR products were purified using a PCR purification kit (Qiagen, 503
Hilden, Germany). If any signal peptide was predicted (using LipoP version 1.0, 504 http://www.cbs.dtu.dk/services/LipoP/, ref. 64 ), it was removed before cloning to enhance 505 cytoplasmic protein production. Purified PCR products were cloned into the pET52b(+) plasmid and 506 expressed in E. coli Rosetta (DE3) strain (Millipore Corporation, Billerica, MA, USA), as previously 507 described 40 . Cells were harvested by centrifugation (5,000 x g, 4°C, 15 min) and re-dissolved in a lysis 508 buffer (50 mM NaH2PO4, 10 mM imidazole, 300 mM NaCl, pH8). Proteins were released by 509 sonication, cell debris were removed by centrifugation (16,000 x g, 4°C, 15 min) and subsequent 510 filtration step (13-mm syringe filter, 0.2-µm-pore-size). Affinity tag purification was achieved using a 511 histidine tag located at the C terminus of a recombinant protein. Enzymatic reaction was carried out at 37 °C during one hour (PNP assay) or 30 min (RS assay). The 528 rate of release of 4-nitrophenol was instantly monitored at 405 nm. The release of reducing sugars 529 was determined following the Somogyi-Nelson method (ref. 65, 66 
